Rain-, ground-and municipal potable water were stored in low density polyethylene storage tanks for a period of 90 days to determine the effects of long-term storage on the deterioration in the microbial quality of the water. Total viable bacteria present in the stored water and the resultant biofilms were enumerated using heterotrophic plate counts. Polymerase chain reaction (PCR) and ® tests were performed to determine if the faecal indicator bacteria Escherichia coli was present in the water and in the biofilm samples collected throughout the study. The municipal potable water at the start of the study was the only water source that conformed to the South African Water Quality
The conditions under which the water is stored often affects the quality of the water, as stored water is more susceptible to environmental influences and contamination than if the water were still in its natural habitat ( Jagals et al. ) . It is therefore a concern that the collection and storage of untreated water supplies, such as roof catchments (rainwater harvesting), surface and groundwater, which may be contaminated with pathogens, can provide an ideal environment for microbial proliferation. Numerous studies have been done to monitor the microbial quality of water that is transported and stored in small household con- In the current study, a comparison of the water quality of three different water sources (rain-, ground-and potable water) was conducted to determine the effect of storage on water quality as well as the resultant development of biofilms.
Water quality and biofilm biomass changes were followed through heterotrophic plate counts (HPCs) and scanning electron microscopy. The detection of Escherichia coli and total coliforms was also performed for all samples through polymerase chain reaction (PCR) and ® analysis.
MATERIALS AND METHODS
Water storage tank design ground-, rain-and municipal potable water. The rainwater that was harvested was the first rain of the season; a firstflush apparatus was not utilised. The tank containing the municipal potable water served as the control as the water is municipally treated.
The water storage tanks used in this study were specifically modified for the monitoring of biofilm formation and the collection of water from different levels within the tanks (Figure 1 ). The tanks were horizontally divided into three non-partitioned layers: the top level which represented the most aerobic environment; the bottom level which was considered the most anaerobic and had the most sedimentation; and the middle level which had intermediate
properties. When positioned in the field, the tanks were all orientated in the same manner so as to ensure that the one side received the morning sunlight and the other the afternoon sunlight. Taps were placed on the 'afternoon sun' side of the tanks to enable water collection from the different horizontal layers at the various testing intervals.
The top of the tank was also modified to allow the suspension of biofilm collectors inside the tanks (Figure 1 ).
The biofilm collectors were cut-outs of a tank not used in the current study. Ninety biofilm collectors, each with a surface area of ±140 mm², were suspended in each tank. Three collectors were attached to a sterile fishing line at different heights and suspended from the top of the tanks so that each collector was placed within a specific region (Figure 1 ).
The experiment was performed on two occasions separated by 7 days. Day 0 was the start of the experiment when water was added to the tanks.
Water analysis
At day 0, 1 l water samples were collected from the source waters that were used to fill the tanks on that same day.
One litre water samples were collected in triplicate from each horizontal level of the tank at day: 15, 30, 60 and 90.
Water analysis of day 0 samples was therefore used to determine the background heterotrophic bacteria and E. coli in all the water sources at the start of the study. The water samples were filtered through a 0.45 μm pore size cellulose nitrate filter (Sartorious, Johannesburg, South Africa). The material on each filter was dislodged in to 9 ml 0.1% peptone buffered water (Merck, Pretoria, South Africa), serially diluted and used to perform viable plate counts on Standard 1 Nutrient Agar (Merck) supplemented with 0.1% cycloheximide (Sigma Aldrich, Johannesburg).
Samples were incubated at 25 W C for 48 h after which colonies were recorded and transformed to log 10 (x þ 1) CFU ml
À1
.
Biofilm analysis
Biofilm collectors were installed at different positions within the tanks (Figure 1 ). Three 'strings' of collectors were removed from the tanks at each sampling point so that a total of nine replicates were obtained. Biofilm formation on biofilm collectors was followed for 90 days with collectors being retrieved from the tanks at the following intervals: day 1, 3, 5, 7, 9, 11, 20, 30, 60 and 90. Samples were transported to the laboratory in sterile Petri dishes for analysis.
As the biofilm collectors were cut-outs of an existing tank, one side consisted of low density polyethylene whilst the other consisted of UV-resistant carbon black lining.
The side of the biofilm collector that was made of the low density polyethylene was swab sterilised with 70% ethanol to remove all biofilm formation to allow for quantification 
Nucleic acid extraction
Filters from the water samples with the material collected on them (see Water analysis in Materials and methods) and biofilm biomass removed from collectors (see Biofilm analysis in Materials and methods) were enriched in tryptone soy broth (Merck) for 24 h at 37 W C. DNA was extracted from each sample using an optimised version of the Triton-X100 method (Wang & Slavik ) . One millilitre of the samples was centrifuged for 5 min at 6,000 g respectively. Once large enough pellets were obtained, they were resuspended in double-distilled water and centrifuged for 5 min at 16,000 g; this was performed three times for each sample. The pellets were then resuspended in 50 μl 1% (v/v) Triton X-100 (Sigma Aldrich) and boiled for 10 min followed by a 10 min incubation on ice. The solution was then centrifuged at 16,000 g for 5 min and the supernatant removed. Three microlitres RNase (Roche, Johannesburg) was then added to the supernatant which was subsequently incubated at 37 W C for 2 h. The DNA extracted was used as a template for PCR.
PCR for E. coli detection PCR for the detection of E. coli was performed using the primers: Eco1 5 Enumeration of total coliforms and E. coli by Colilert-18 ® Triplicate 100 ml water samples were collected at day 0 from the source waters that were used to fill the tanks on the same day. Triplicate 100 ml water samples were collected from each horizontal division of each of the water storage tanks at day 45 and 90. Colilert-18 ® tests (Dehteq, Johannesburg) were performed on each sample according to the manufacturer's instructions. Positive (E. coli inoculated sterile water) and negative (sterile water) controls were also included. All Quanti-Tray ® /2,000 trays were then incubated at 37 W C for 18 h. MPN/100 ml values were recorded according to a tabulation of 95% confidence intervals provided by the manufacturer (IDEXX, Maine, USA).
Scanning electron microscope examination of biofilm collectors
The formation of biofilms within the water storage tanks was followed throughout the 90 days that the study ran via scanning electron microscopy. Samples were collected in triplicate from each region of the tank (Figure 1 ) at days 15, 30, 60 and 90. The biofilm collectors were fixed in 2.5% glutaraldehyde in 0.075 M phosphate buffer (pH 7) from being harvested until the completion of the field study. The fixed samples were then rinsed three times in 0.075 M phosphate buffer for 10 min each followed by three rinses in distilled water. Samples were then dehydrated in a graded ethanol series of 30, 50, 70 90, 100, 100 and 100% for 10 min each. This was followed by critical point drying with liquid CO 2 and sputtering with gold before being viewed with a Jeol JSM-840 Scanning Electron Microscope (Jeol, Tokyo, Japan) at 5 KV.
Statistical analysis
Data obtained from water (log 10 (x þ 1) CFU ml À1 ) and biofilm (log 10 (x þ 1) CFU cm À2 ) samples were analysed using an analysis of variance (ANOVA) with SAS-9.2 software (SAS Institute Inc., Cary, USA). Means obtained were compared by the Fisher's protected least significant difference (LSD) test at a 5% (p ¼ 0.05) level of significance. Repeats were considered as blocks. A significant difference was observed between the blocks and this was accounted for when the two repeats were averaged for data analysis.
RESULTS

Water analysis
The heterotrophic bacterial deterioration of the different water sources is presented in Table 1 . Significant interactions occurred between the different water sources and time (F ¼ 13.06; p < 0.0001) and therefore this was considered for data analysis. No significant difference was observed between water samples that were collected from different positions within the tanks (data not shown).
All the water sources tested contained viable heterotrophic cells throughout the study ranging from 3.98 to 5.33 log 10 (x þ 1) CFU ml À1 ; 1.79 to 3.13 log 10 (x þ 1) CFU ml À1 ; and 0.22 to 3.73 log 10 (x þ 1) CFU ml À1 for the rain-, ground-and potable water, respectively (Table 1) The groundwater and potable water biofilms showed very similar heterotrophic bacterial incorporation patterns. The HPC values for the two biofilms were not significantly different for the greater part of the study. Significant differences were observed on day 5, 7, 11 and 60.
Between day 9 and 11, the potable water biofilm reached HPC values that were higher than the groundwater biofilms which had had more bacterial incorporation into biofilms until this point. Prevalence of total coliforms and E. coli in water and biofilm samples E. coli was detected through PCR in all the water sources (Table 3 ) and biofilm samples (Table 4) at some point during the study. The rainwater showed the highest prevalence of E. coli as it was detected on all water sampling days throughout the study. The rainwater biofilms also showed high prevalence of E. coli as it was detected on every sampling day except for day 90 of the second experiment. The groundwater showed the second highest prevalence of E. coli in both the water samples and biofilms, with the least E. coli being detected in potable water and biofilm samples.
Colilert-18 ® analysis of water samples revealed the presence of total coliforms in the potable, ground and rain source water (Table 5) . Total coliform levels in the rain source water were so high that they could not be counted through Colilert-18 ® analysis; this pattern prevailed throughout the duration of the study with countable levels only being detected at day 90 of the first experiment. Total coliforms were periodically detected over the duration of the study in both experiments of the potable water with faecal coliforms only being detected at day 45 in the second experiment despite no E. coli being detected in the source water. As was observed with PCR analysis, the groundwater showed the second highest prevalence of total coliforms in both experiments throughout the duration of the study; however, E. coli was only detected in the second experiment (Table 5) . 
DISCUSSION
The presence of coliforms and E. coli has been reported in Direct PCR analysis and Colilert-18 ® tests of the rainwater samples in the current study showed the presence of E. coli in all rainwater samples tested throughout the study period. As a result, the rainwater failed to meet water quality guideline standards (DWAF ; SABS ). According to SANS 241, the permissible number per 1% of samples for total coliforms and E. coli is 10 per 100 ml and 1 per 100 ml, respectively (SABS ). HPC bacteria are also used as indicators of the general microbial quality of water (DWAF ). The permissible target range for HPC values in water for drinking purposes is 0-100 counts ml
À1
and was only met in the case of the potable water before it was stored.
Harvested rainwater is generally considered of good quality but is dependent on atmospheric microbial levels as well as the surface from which the water is collected In the current study, the building from which rain was harvested was situated next to cattle pens which contributed towards dust generation and deposition on building roofs. The dry deposits on the building from which the rain was harvested contained large amounts of heterotrophic bacteria, in particular E. coli, since the resultant water that was collected showed the highest HPC and E. coli values. The overall microbial quality of the rainwater was not considered ideal and although there were no drastic increases in the HPC values as was seen with the potable water, the water was still considered to have deteriorated.
The potable water had the lowest and rainwater the highest HPC values at the start of the study, and the potable water was the only water source to comply with water quality standards at the start of the study (DWAF ; SABS ). However, the quality of the potable water deteriorated so rapidly that by day 15 it displayed HPC values that were above the acceptable limits for potable water and were significantly higher than the groundwater HPC values. Water that is stored often stagnates and as a result, disinfectant residuals in potable water may dissipate to levels low enough to lead to increases in microbial growth In light of the findings of the current study, future research should investigate the ability of microbial biofilm formation within water storage container imperfections to protect the cells from removal and disinfection activities thereby providing more information on how to combat their formation. Methods should also be devised to attempt to remove these microbial growths from the surface. Future research should also focus on the mechanism of E. coli survival in water storage tanks.
CONCLUSIONS
The findings of the current study revealed that both untreated and municipally treated water sources were able to support biofilm formation on the interior of low density polyethylene water storage tanks as early as 1 day after collection. It was also found that the storage period and the microbial quality of the source water could influence water quality deterioration in terms of water HPC values and the rate of biofilm formation. Imperfections in the interior surface of storage tanks were also found to provide an ecological niche for biofilm formation and persistence. To our knowledge, this has not been shown before. Due to the widespread use of water storage tanks, similar to those employed in the current study, suitable information should be given to the public about the potential risks associated with the storage of water (especially first seasonal rainwater) and the potential for water deterioration in the absence of disinfectant applications or periodic cleaning of the water storage containers/tanks.
